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Abstract 
The search for higher efficiencies in solar cell technology has brought forth competitive ideas, 
among them tandem solar cells (TSC) and intermediate-band solar cells (IBSC). These cells 
deliver higher efficiencies by absorbing a wider range of the electro-magnetic spectrum 
compared to conventional cells, but do come with unique challenges. This includes, amongst 
others, the need to find suitable material systems, which can fully realise the requirements 
behind the concept.   
 
In this study, the notion of using dilute nitrides in III-V systems as a candidate for the IBSC is 
considered. Incorporation of GaNAs QW structures into GaAs p-i-n solar cells are structurally, 
optically and electrically characterised. At a first estimate the photovoltaic properties of the 
material is obtained through current-voltage (I-V) measurements under illumination.  
 
It is observed that the open circuit voltage (𝑉𝑂𝐶), short circuit current (𝐼𝑆𝐶) and conversion 
efficiency decrease upon the incorporation of the QWs. Electrically active defect levels are 
notorious for reducing the life time of electron-hole pairs, directly impacting cell efficiency. 
In an effort to gain a clearer understanding of this behavior, the study of electrically active 
deep level center present in such devices were investigated. A comprehensive understanding 
of defects in semiconductors remains of fundamental importance and thus reinforces this 
approach.  
 
This was done using two of the most commonly used semiconductor defect spectroscopy 
techniques viz. admittance spectroscopy (AS) and deep level transient spectroscopy (DLTS). 
Since in principle, these two techniques are similar, deep level related results were compared 
in order to verify the validity of the results.     
 
The devices under study, GaNAs/GaAs embedded QW p-i-n solar cells, were grown by 
molecular beam epitaxy (MBE). In particular, the doping of the quantum wells was varied and 
this effect on the electrical properties investigated. Four samples were studied and their 
electrical, optical and structural properties compared.  
vi 
 
The sample series consisted of a reference GaAs p-i-n diode that contained no embedded 
QWs and three GaAs p-i-n diodes each containing ten equally spaced and equally thick GaNAs 
QW layers. These layers were either Beryllium (Be) doped (p-type), un-doped or Silicon (Si) 
doped (n-type) respectively.   
 
Both AS and DLTS revealed deep level centers present in the devices. Each technique 
presented its own list of advantages and disadvantages and the collaborative use of both of 
them was found to be complementary in their determination of deep level defect centers. 
The correlation of these defects with the QWs is not clear as the structures were not 
optimized for capacitance spectroscopic measurements.  
 
NextNano++ simulation software was also used to theoretically model the electronic 
structure of the sample. The addition of the applied bias and its effect on the cross-over point 
of the Fermi level and the deep level energy, as well as the depletion width was investigated. 
This was a useful and essential tool for the interpretation of the results obtained and for the 
design of optimal structures for future studies.  
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Chapter 1: Introduction 
The use of Photovoltaic technology is an elegant way in 
which the suns energy is utilized and converted into 
electricity without the production of any harmful by-
products. It thus supports the need for energy production, 
which has a less damaging impact on the environment. 
Although silicon-based solar cells have dominated much of 
the solar market, contemporary research has been focusing 
on novel material systems with unique opto-electrical 
characteristics. Tandem solar cells and the intermediate-
band solar cell (IBSC) aim to enhance conversion efficiencies in solar cells by absorbing a wider 
range of the solar spectrum.  
 
The IBSC as described by Luque [1] attempts to achieve higher efficiencies by introducing an 
intermediate level in the materials band gap. This is realised by incorporating low dimensional 
structures (such as quantum wells, wires or dots), lone pair bands or impurities into the 
material. This impurity level facilitates the absorption of lower energy photons between the 
valance band and the intermediate band as well as between the intermediate band and the 
conduction band. It is theoretically predicted that the additional absorption made possible in 
the IBSC may enhance conversion efficiencies to a remarkable 63.1%, compared to the 40.7% 
limit imposed by the Shockley-Queisser model [2].  
 
As mentioned, a possible means of introducing an impurity band into the band gap is by 
incorporating low dimensional structures (such as quantum wells, dots or wires) into the 
material system. These low dimensional structures are heterostructures, which have 
functional elements entering ranges of the de Broglie matter wavelength, which is in the 
nanometer range for electrons and holes in semiconductors. This results in their electronic 
and optical properties being governed by that of quantum mechanics. 
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These structures are typically grown by metal-organic chemical vapour deposition (MOCVD) 
and molecular beam epitaxy (MBE). Their advanced capability allows growth of almost 
atomically abrupt layers to form complex heterostructures. This presents the opportunity to 
design very specific band structures and consequently unique charge carrier confinement 
configurations [3]. This lattice constant of the low dimensional structure compared to that of 
the host lattice, largely determines the heterostructure design potential. 
 
Dilute nitrides in III-V semiconductors present a relatively new class of materials with many 
fascinating properties, both for fundamental studies as well as for novel optoelectronic device 
applications [4]. It has been reported that the introduction of dilute nitrides into group III-V 
semiconductors profoundly affects the electronic and optical properties of these novel 
devices [5–7]. Recently, GaNxAs1-x has been identified as an excellent material system for 
broad-spectrum absorption photovoltaic applications. In GaNxAs1-x the small and highly 
electronegative nature of N-atoms leads to band anti-crossing in GaAs as well as a large 
bowing parameter, resulting in large band discontinuities with very small lattice mismatch [8–
10]. This unique system provides quantum well structures with large conduction band offsets 
but negligible valence band offsets. This results in strong electron confinement with 
unobstructed hole transport. Fast carrier separation and thus a reduction in electron-hole 
recombination rates is consequently expected. This should be beneficial for photo-detectors 
and solar cells as it results in the extended lifetime of photo-generated carriers. The 
incorporation of GaNxAs1-x low dimensional structures in a GaAs matrix is therefore a good 
candidate system for the IBSC. 
 
In this work, the structural, optical and electrical properties of a GaAs p-i-n diode with multiple 
embedded GaNAs quantum wells are investigated. The effect of nitrogen incorporation on 
the electronic structure and consequentially the band alignment is simulated. These 
simulations in conjunction with the experimental results were then used to interpret the 
observations. Specifically, defect spectroscopy is employed to determine whether admittance 
spectroscopy and deep level transient spectroscopy could be used to sensibly study deep 
levels and electron confinement in these low dimensional (quantum well) structures.  
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Dissertation Outline: 
 
 Chapter 2 introduces the fundamental physical concepts that dictate photovoltaic 
device operation. Additionally, it highlights the theoretical aspects related to the 
intermediate-band solar cell and explains how the incorporation of dilute nitrides in 
III-V semiconductors can be used as a candidate material system for these devices.  
 
 Chapter 3 starts by outlining techniques used for the preliminary electrical, optical and 
structural assessment of the QWs, namely current-voltage measurements, 
photoluminescence and transmission electron microscopy. This is followed by a 
detailed description of admittance spectroscopy and deep level transient 
spectroscopy, the two main characterization techniques used to study electrically 
active deep level centers present in the GaNAs/GaAs p-i-n diodes.  
 
 Chapter 4 presents the experimental results obtained in this study and aims to explain, 
in particular, the DLTS and AS observations by utilising NextNano++ simulated band 
diagrams. These band diagrams were modelled using the same experimental 
conditions as that were used during the DLTS and AS measurements. 
 
 Chapter 5 concludes on the experimental observations and outlines future research 
possibilities. 
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Chapter 2: Fundamentals and 
Theoretical Background 
The availability of clean, sustainable and renewable energy sources for human survival is 
becoming increasingly important. Recent advances in solar technology provide us with 
excellent opportunities to optimise the energy provided by the sun in order to achieve this 
goal. This chapter explores some of the fundamental physics principles driving solar 
technology. First, the basic principles of photovoltaic operations are discussed. This is 
followed by a discussion on the physical principles of the intermediate-band solar cells (IBSC) 
and how dilute nitrides in III-V materials can be used to develop broad-spectrum absorption 
solar cells with enhanced conversion efficiency. 
 
2.1 Principles of Photovoltaic Operation 
2.1.1 Introduction 
The sun, our nearest star, is a renewable light and heat energy source. Efforts to convert this 
abundant, free energy to electricity are therefore expected. It is reported that Photovoltaics 
grew faster than any other renewable energy fuel in 2016 alone and for the first time 
surpassed the net growth of coal. Bio-energy sources, including PV, supplied around 500 
terawatt hours (TWh) of electricity, which accounted for 2% of that produced globally. The 
desire for developing reliable, clean and sustainable energy sources includes the 
responsibility of reducing environmental impacts which includes air pollutants, carbon 
emissions (greenhouse gases) and water usage [11–13]. 
 
Even though using the sun as a natural heat source dates back millennia, the first 
experimental observation of the photovoltaic effect was recorded back in 1839 by the French 
scientist Alexandre-Edmond Becquerel. The first solar cell p-n junction was conceptualized 
and produced in 1941 at the Bell Laboratory, an American research and scientific 
development company.   
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The exploration of these junction properties lead to further understanding of n- and p-type 
dopants and pioneered microprocessor technology growth. The bulk of PV technology today 
is still based on silicon p-n junctions. The next big leap in III-V semiconductor technology was 
the formation of heterostructures which propelled the concept of bandgap engineering, 
resulting in some of today’s complex material systems [14–17].  
 
2.1.2 Photovoltaic Principles 
The Merriam-Webster Dictionary defines the word photovoltaic as follows: 
“Photovoltaic (adj) –  the generation of a voltage when radiant energy falls on the boundary 
between dissimilar substances (such as two different 
semiconductors).” [18] 
 
The photovoltaic (PV) effect forms the basis of energy conversion from light into electricity in 
solar cells [14]. Incoming solar radiation is absorbed by a material and then converted into 
usable electrical power. To generate power, a process of charge separation, during which 
electrons and holes are generated, needs to occur [19]. 
 
While using electromagnetic radiation (mainly photons in the visible spectrum) to generate 
electrons and holes is the core of the PV effect, it in itself will not simply produce a current. 
The utilization of an electric force produced by a potential barrier to carry these charges is 
what enables us to generate currents. The formation of this potential barrier (and thus the 
junction electric field) is a consequence of charge separation at the junction interface due to 
a difference in the chemical potential of the two materials constituting the p-n junction  [15]. 
 
2.1.3 The Ideal p-n Junction 
Consider a semiconductor material that (ideally) contains no impurities. Such material is 
generally referred to as being undoped. A good example of this is silicon (Si), a group four 
element. A Si atom (host) may be replaced by an impurity (guest) atom. This impurity may for 
example be a group three (i.e. Al,) atom or a group five (i.e. P) atom, called acceptor and 
donor atoms respectively.   
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If replaced by a group three acceptor, only three of the four Si valance electrons will pair in 
bonding with the Al valance electrons, leaving an unsaturated bond (or a hole) available. This 
is a so-called p-type semiconductor. Similarly, by adding a group five atom, all the valance 
electrons will take part in bonding, leaving the fifth electron weakly interacting with the Si 
host atom. This “loosely” bound electron can easily be dislodged and migrate through the 
lattice under the influence of a moderate electric field. This is referred to as an n-type 
semiconductor. For the p-n junction solar cells developed and assessed in this study, GaAs 
was the host lattice. The lattice was then doped with either silicon (Si) or beryllium (Be).  
 
The formation of a p-n junction occurs when a material with a preponderance of acceptor 
atoms 𝑁𝐴 (that have excess holes i.e. p-type material), meets that of a material with a 
preponderance of donor atoms 𝑁𝐷 (that have free electrons i.e. n-type material) [20, 21]. The 
harsh dopant concentration gradient formed between the two materials triggers the diffusion 
and recombination of majority carries across this junction, which leads to the formation of 
the depletion region where an opposing electric field develops. The depletion region of a p-n 
junction is considered to be one of its vital properties [20, 22–24]. This is shown schematically 
in figure 2.1 below.  
 
 
Figure 2.1. Formation of a p-n junction [24]. 
 
The diodes under investigation in this work have an abrupt junction with a large doping 
concentration difference and thus the depletion region extends almost in its entirety into the 
region that is weakly doped.   
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The width of the depletion region is given by 
 
𝑤 =  √
2𝜖𝑠(𝑉𝑏𝑖−𝑉𝑒𝑥𝑡)
𝑞𝑁𝐵
      (1) 
 
where 𝑁𝐵 in this case would be the doping of the lower doped region, 𝜖𝑠 the permittivity of 
the semiconductor material (GaAs = 10.89 [25]), 𝑞 is the elementary charge, 𝑉𝑏𝑖 is the 
inherent built in potential and 𝑉𝑒𝑥𝑡  the applied external bias [26]. 
 
2.1.4 Semiconductor Bandgaps 
Molecular Beam Deposition (MBE) and Metal-Organic Vapor Phase Deposition (MOCVD) 
growth techniques are ever improving and advancing to the point where they are currently 
able to grow semiconductor layers which are virtually atomically abrupt. This allows for the 
growth of intricate multilayer structures with different materials and quantum structures of 
well-defined spatial boundaries [3, 27]. Bringing two dissimilar semiconductor materials into 
contact allows us to form heterostructures with heterojunctions at their interfaces. Materials 
used in these heterostructures are predominantly II-VI or III-V compound semiconductors. 
When considering these devices from a device physics point of view, the most important 
property exhibited by these heterojunctions are the band alignment and difference in the 
energy gap (𝐸𝐺) formed between the two different semiconductors. This heterojunction 
property opens up a new degree of freedom allowing for interesting application and 
phenomena [3, 19, 23]. 
 
Figure 2.2 depicts the relationship between the bandgap and lattice constant of the most 
common III-IV semiconductors. These semiconductors can be combined to form a 
heterostructure having a precisely controlled band design. The lattice parameters place a 
growth restriction on the materials as one needs to consider the crystals spatial properties 
which can cause stress and strain when combining materials of great lattice mismatch. Thus, 
this creates an interesting interplay of what is desirable and what is physically possible. The 
heterostructure utilized in this study is the combination of GaNAs in GaAs, material system 
for which the bandgap can be modified with minor consequential lattice mismatch. Further 
detail on this material system is discussed in section 2.3. 
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Figure 2.2. Bandgap versus lattice constant of the most common III-V semiconductors [3]. 
 
In a heterostructure, formed by inserting (“sandwiching”) a layer for which the bandgap 
differs to that of the host material, three different band alignments are possible.   Schematic 
representations of these are shown in figure 2.3. Here 𝐸𝐶  and 𝐸𝑉 represent the bottom of the 
conduction and top of the valance band energy respectively.  The energy is measured relative 
to the vacuum level.    
 
 
Figure 2.3. Classification of heterojunctions. (a) Type-I: straddling heterojunction. (b) Type-II: 
staggered heterojunction. (c) Type-III: broken gap heterojunction. 
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Type I – Straddling Heterojunction 
 In this case, one material has a lower 𝐸𝐶  and higher 𝐸𝑉 with respect to the other (host) 
and will thus naturally have a smaller energy gap. This allows for the confinement of both 
electron and hole carriers as is, for example, the situation with InAs/GaAs/InAs and 
GaAs/AlGaAs/GaAs heterostructures. 
 
Type II – Staggered Heterojunction 
 Here the energy of both  𝐸𝐶  and 𝐸𝑉 of the inserted material are displaced from that of the 
host material. This allows for the separation of confinements for the carriers. In the case 
(as seen in figure 2.3) where the band gap of the host material is lower than that of the 
inserted material, electrons are delocalized, while holes experience strong confinement. 
Electrons are collected at the lower of the two conduction bands while holes will occupy 
the region where the valance band energy is highest, consequently resulting in hole 
confinement. The converse is true for systems where the host materials’ energy levels are 
displaced higher. GaAs/GaSb/GaAs heterojunctions exhibit this type of confinement.  
 
Type III – Broken Gap Heterojunction 
 In this special Type II system, both the conduction band and valance band energy of the 
inserted material are located above the bottom of the conduction band (𝐸𝐶) of the host 
material. Consequently, there is no overlap of the forbidden gap.  An example of the 
alignment type is InAs/GaSb. 
 
GaNAs/GaAs, the material system studied in this work, forms a Type I heterojunction with a 
very small valence band offset. The band gap relation of GaNAs to the nitrogen incorporation 
is further discussed in section 2.3. 
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2.1.5 The Solar Spectrum 
A photon can be characterized by either its wavelength or its energy. The relationship 
between the wavelength and the energy of a photon can be expressed as  
 
𝜆 =
𝑐
𝜈
=
1.24
ℎ𝜈(𝑒𝑉)
 (𝜇𝑚)     (2) 
 
where 𝜆 is the photons wavelength, 𝑐 is the speed of light, 𝜈 the photon frequency and ℎ is 
Planck’s constant [23, 28]. Figure 2.4 below depicts the wavelength dependent solar 
irradiance spectrum available for absorption and conversion into usable electrical energy.  
 
 
Figure 2.4. Standard solar spectra depicting the irradiance versus the wavelength. 
 
The Air Mass (AM) number is an indication of the atmospheric absorption and how it affects 
the radiation delivered. The distinct absorption bands observed in the spectra are thus due 
to the absorption by various atmospheric gasses and water vapour [19, 29]. 
 
Radiation incident upon matter may either be absorbed, reflected or transmitted. These 
processes are controlled by the relationship between the energy of the radiation and that of 
the bandgap of the material.   
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When the energy of the incident radiation exceeds that of the bandgap energy (𝐸 > 𝐸𝐺), 
photons will be absorbed and the generation of electron-hole pairs (carriers) and excess free 
carriers (𝛥𝑛 =  𝛥𝑝) will consequently occur [19]. The energy difference (𝐸 − 𝐸𝐺) between 
the band gap and that of the radiation is converted to heat in the cell and is evidently not 
desirable.  Clearly, vacant electronic states must be available to receive the excited carriers.  
These carries, in the presence of an electric field, such as is present in p-n junctions solar cells, 
will be separated and generate a current in an external circuit.  Evidently, the charge 
recombination rate needs to be as low as possible for effective current generation to occur.  
It should be obvious that radiation with energy less than that of the bandgap of the material 
(𝐸 < 𝐸𝐺) will not be absorbed and can consequently not contribute to the generation of a 
photo current. The disturbance of thermal equilibrium conditions in a semiconductor system 
will prompt the system to implement restorative processes to re-establish an equilibrium 
state. These processes include, amongst others, recombination and thermal generation [23]. 
 
2.2 The Intermediate Band Solar Cell 
2.2.1 Introduction 
A number of novel concepts have been proposed to overcome the efficiency limitation 
imposed by the Shockley-Queisser model, which limits a single bandgap cell to an efficiency 
cap of 40.7%. One of these novel structure architectures proposes to stack different 
semiconductor materials in series with one another, forming multiple junctions. These 
structures are referred to as tandem solar cells (TSC). Since the different materials each have 
unique bandgaps, a broader part of the solar spectrum may be absorbed and if the structure 
is designed appropriately, higher conversion efficiencies may be achieved. Prototype tandem 
cells have displayed efficiencies of up to 55.4% under concentration. This design however 
imposes a disadvantage from a structural point of view. Construction of these structures are 
however not simple and introduce considerable growth complexities. An alternative method 
for extending the spectral absorption range without having these growth-imposed 
restrictions is to incorporate intermediate states into the bandgap of a homogeneous single 
bandgap semiconductor material. This way, sub-bandgap photons may step from one state 
to the next and contribute to the current generation.  
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This idea, termed the intermediate-band solar sell, was first introduced in 1997 by Luque. 
IBSCs typically consist of a single p-n junction structure. Not surprisingly then, the main 
advantage is its structural simplicity and the relative ease with which it can be manufactured. 
Figure 2.5 depicts the band diagram of a typical IBSC cell [30–35]. 
 
Figure 2.5. Solar cell band diagram with the addition of an intermediate band. 
 
In addition to the absorption of photons facilitating band-to-band electron transitions 
between the valence band (VB) and conduction band (CB), transitions between the VB and 
intermediate band (IB) as well as between the IB and the CB are also possible. Thus, the 
impurity energy level is able to absorb additional lower energy photons, which would 
otherwise have been transmitted. The IB is achieved by the introduction of lone pair bands, 
low dimension structures or impurities intentionally introduced into the material [32, 35–38]. 
It is expected that having an intermediate band will prevent an abundance of non-radiative 
recombination centers, which will lead to increased lifetimes. A major advantage of the IBSC 
lies in the output voltage being governed by the total bandgap of the material. This is the way 
in which the IBSC should allow for a simultaneous increase in current output via additional 
absorption, while retaining a high output voltage [35]. The IBSC in opposition to both a single 
bandgap cell (40.7%) and a TSC (55.4%) is characterised by a remarkable 63.2% efficiency 
limit, which is further discussed below.  
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2.2.2 Efficiency of p-n Junction Solar Cells 
The basic laws of physics predict a theoretical upper limit for the efficiency of a p-n junction 
solar cell is shown by the Shockley-Queisser limit (SQ) model to be 40.7% [2]. The IBSC, as 
described by Luque [1], aims to achieve higher efficiencies by introducing an inter-band level 
which will facilitate the absorption of sub-bandgap energy photons between the VB and the 
IB as well as between the IB and the CB,  energy that would otherwise  have been transmitted 
without contributing to  current generation. It is theoretically predicted that the IBSC can 
reach efficiencies of up to 63.2%, as opposed to the limit of 40.7% imposed by the Shockley-
Queisser model [2, 32]. Tandem cell development is enjoying significant attention for its 
potential to exceed the SQ limit. The predicted efficiency for tandem cells is 55.4%. The reason 
for the inferior performance in comparison to IBSCs is that two photons are needed to 
promote a single electron to the conduction band and consequently deliver one electron to 
the external circuit. The overall quantum efficiency for this process is thus ½. In a single 
bandgap cell with an intermediate-band, the same applies to the low energy photons unable 
to transfer the free energy necessary to produce the external voltage. However for the most 
energetic photons only one photon is needed to deliver one electron and, therefore, the 
overall quantum efficiency is above ½ [1]. The high efficiency predicted for IBSC consequently 
makes it an attractive subject for superior solar cell development [31]. 
 
2.2.2 Quantum Structures in Solar Cells 
Quantum structures for low dimensional electron confinement in semiconductors offer 
significant potential for the development of unique optoelectronic devices and research in 
solid-state physics and device engineering. The potential that these structures offer relates to 
the specific conduction and valence band offsets that allow the formation barriers that 
facilitate the spatial confinement of charge. Additionally, when the physical dimensions of 
these structures approach the de Broglie matter wavelength, their optical and electronic 
properties will be governed by quantum mechanics [39, 40].  Since 1925, when quantum 
mechanics was advocated as a plausible theory for the behaviour and interaction of matter 
on the micro-scale, it has been well confirmed experimentally. In particular, in cases where 
classical physics fail to explain observations, quantum mechanics seem to provide the answer. 
It is no different for the quantum heterostructures investigated in this work.    
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2.2.3 Density of States 
Semiconductor properties depend vastly on the availability of electron states in the material. 
This is best described by the density of states of a system. The density of states is the number 
of electronic states per interval of energy at each energy level available for occupation by 
electrons (or holes) [20, 41].  
 
The number of electrons at each energy is then obtained by multiplying the number 
of states with the probability that an electron occupies a state. The density of states is 
dependent on the geometry of the system and how the electrons are spatially confined. 
Additionally, the density of states largely determines the carriers transport properties. For 
bulk semiconductors, electrons are free to move spatially in all three dimensions and the 
density of states (for isotropic dispersion relations) is given by 
 
𝑔3𝐷(𝐸𝑖) =
𝑚∗
𝜋2ℏ2
 √
2𝑚∗𝐸𝑖
ℏ2
    (3) 
 
For systems where carriers are spatially confined in either 2D, as is the case for quantum 
wells, 1D for quantum wires or 0D for quantum dots, the density of states is given by  
 
𝑔2𝐷(𝐸𝑖) =
𝑚∗
𝜋ℏ2
      (4) 
𝑔1𝐷(𝐸𝑖) =
1
𝜋ℏ
 √
𝑚∗
2𝐸𝑖
     (5) 
𝑔0𝐷(𝐸𝑖) = ∑ 𝛿(𝐸 − 𝐸𝑖)𝑖     (6) 
 
The relationship between the density of states and the energy of a level/s is depicted figure 
2.6 below.  
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Figure 2.6. Density of states for (a) bulk 3D semiconductors, (b) 2D quantum well systems, (c) 
1D quantum wire systems and (d) 0D quantum dot systems [41]. 
 
2.3 Dilute Nitrides as Solar Cells 
2.3.1 Introduction  
The recent introduction of dilute nitrides in III-V semiconductors allow for the development 
of a relatively new and unique class of material, offering fascinating properties which are 
interesting both for fundamental studies and for their application for novel optoelectronic 
devices [4]. The incorporation of even considerably small amounts of nitrogen (0-3%) into III-
V semiconductor systems has been found to have rather profound effects on the electronic 
and optical properties of these devices [5–7, 42].  
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2.3.2 GaNAs Quantum Wells 
As mentioned, a proposed method of introducing an impurity band into the band gap of a 
semiconductor is by the incorporation of low dimensional structures (such as quantum wells, 
dots or wires). When utilising the advanced capabilities of metal-organic chemical vapour 
deposition (MOCVD) and molecular beam epitaxy (MBE) to grow these almost atomically 
abrupt layered heterostructures, the band alignment of the respective materials should 
always be a key consideration. Additionally  the relation of the layer to the lattice constant of 
the host determines the properties of the material and ultimately dictates what is possible in 
terms of successful heterostructure development and growth [3].  
 
Quantum structures, as proposed, could be employed to realise the IBSC concept. Logically, 
finding suitable material systems to achieve this is imperative. GaAs is a very attractive 
material for optoelectronic device applications due to its superior optical and electrical 
properties, and will serve as a useful host material.  
 
However, conventional arsenide (and phosphide) device development does not come without 
challenges. These challenges include poor thermal stability and low refractive index contrast 
which requires the growth of multiple layers (increasing series resistance). Potter et.al. 
suggest that some of these challenges may be overcome by utilising dilute nitride systems 
[43]. 
 
In GaNxAs1-x the small and highly electronegative nature of N-atoms leads to band anti-
crossing in GaAs as well as a large bowing parameter, resulting in large band discontinuities 
with a very small lattice mismatch [8–10, 44]. This distinctive system provides a new class of 
quantum well structures with large conduction band offsets that are tuneable with varying 
nitrogen concentrations and negligible valence band offsets. This is expected to result in 
strong confinement of electrons with unobstructed hole transport. This should lead to fast 
carrier separation and a reduction in electron-hole recombination rates, beneficial for photo-
detectors and solar cells. GaNxAs1-x is consequently a suitable  candidate for the inter-band 
solar cells [4, 5, 44, 45].  
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2.3.3 Band Anti-Crossing Model 
It is well known that the bandgap of GaNAs is inversely correlated with the nitrogen 
concentration through the lowering of the conduction band minimum. The anion substitution 
of arsenic with nitrogen, a small and highly electronegative atom, into GaAs sharply decreases 
the host bandgap as described by the band anti-crossing (BAC) model. This is due to the large 
perturbation in lattice potential caused by the highly electronegative nitrogen [8, 10, 42, 45–
47]. The valence band offset is not as well defined, but for samples with low nitrogen 
concentration (x < 1%), a negligible valence band offset is anticipated [48]. 
 
 
Figure 2.7. Schematic of the GaNAs/GaAs band alignment for (a) high and (b) low 
concentrations of nitrogen. Low concentrations allow for negligible VB offsets and smooth 
hole transport. 
 
The bandgap of GaNxAs1-x, as described by the BAC model, is given by 
 
𝐸𝑔(Ga𝑁𝑥𝐴𝑠1−𝑥) = [𝐸𝑁 + 𝐸𝑐 − √(𝐸𝑁 − 𝐸𝑐)2 + 4𝑉2𝑥]/2  (7) 
 
where  𝐸𝑁 = 1.65𝑒𝑉 ,𝑉 = 2.5𝑒𝑉, 𝑥 = stoichiometry parameter  and 𝐸𝑐 is the bandgap of 
GaAs given by 
𝐸𝑐 = 𝐸𝑔(𝐺𝑎𝐴𝑠) = 1.519 − 5.405 × 10
−4 (
𝑇2
𝑇+204
)   (8) 
A significant conclusion drawn from the BAC model is that it predicts a splitting of the 
conduction band into two non-parabolic sub-bands. This has also been shown to be 
experimentally true [42, 48]. 
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Chapter 3: Experimental 
Techniques and Procedure. 
3.1 Introduction 
In this section the experimental details pertaining to the results obtained and presented in 
chapter 4 are given. The device development processes, namely the growth by molecular 
beam epitaxy (MBE) and the subsequent processing steps, including photolithography, 
etching and sputtering, are discussed in detail.  Standard current-voltage (I-V) measurements 
were employed to determine the diode quality and photovoltaic properties, while doping 
profiles (not presented in chapter 4) were obtained by means of capacitance-voltage (C-V) 
measurements.  
 
Photoluminescence (PL) measurements were done to determine the optical response of the 
samples. These results were also used to provide an estimate of the nitrogen concentration 
in the samples.  The presence and structural dimensions of the wells was then confirmed 
through transmission electron microscopy (TEM) analysis. Admittance spectroscopy (AS) and 
deep level transient spectroscopy (DLTS) were employed to study and characterize deep level 
centers present in the material. 
 
NextNano++ [49], a simulation software program, developed to study physical properties of 
electronic and optoelectronic devices, was employed to model the electronic structure of the 
investigated sample structures.  This enabled a meaningful comparison of the observed 
results with what is theoretically predicted, for the respective structures, under measurement 
conditions.   
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3.2 Device Growth and Fabrication 
All the device structures related to this study were grown by MBE.  Advanced epitaxial growth 
techniques, with exceptional compositional control, are indispensable for the development 
of complex devices, such as tandem cells and IBSCs. MBE has a number of advantages over 
for example MOCVD, in that the incorporation of shallow impurities and intentionally 
introduced deep levels is more effective, while the surfaces and interfaces are also superior. 
 
Since MBE growth is done under ultra-high vacuum (UHV) conditions (~10−8 Torr) the in-situ 
monitoring (by reflection high-energy electron diffraction (RHEED)) of the surface roughness, 
is possible. A schematic representation of a typical MBE system is shown in figure 3.1 below 
[27, 50]. 
 
 
Figure 3.1. Schematic of a molecular beam epitaxy system [27]. 
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The thin films studied were grown on n-type GaAs substrates. Devices were fabricated using 
photolithography [24], sputtering and etching processes to prepare, apply and isolate each 
contact. Post growth annealing at 800C for 4 minutes was done to improve uniformity of 
nitrogen in the quantum wells and enhance PL emission [51]. 
 
Following growth, the samples were removed from the MBE chamber and degreased (for a 
period of 2 minutes) in a hydrochloric acid and water (1HCl:5H2O) solution. The samples were 
subsequently rinsed in deionized water. For the purpose of electrical measurements, indium 
(In) and titanium, platinum and gold (Ti/Pt/Au) ohmic contacts were deposited to the bottom 
and the top of the structures respectively.  The bottom contact was continuous, while The 
Ti/Pt/Au contacts were sputtered on. Figure 3.2 presents a schematic of the mesa contact 
patterning, using photolithography.  The top ohmic contact areas had a surface area of 
1.650 ×  10−3 m2 with an optical window of  7.06 ×  10−4 m2.  
  
Figure 3.2. Schematic of (a) the p-i-n structure (b) top and cross sectional view schematic of 
the top contact depicting composition and dimensions. 
 
Mesa etching was done using a solution of phosphoric acid, peroxide and water 
(1H3PO4:1H2O2:8H2O) for 2 minutes. Considering the thickness of the deposited contacts, an 
etch rate of 1µm/minute allows for complete electrical isolation. The devices were then 
mounted and mechanically wire bonded. For low temperature measurements, the devices 
were appropriately connected and mounted on the cold finger in a closed cycle liquid Helium 
(He) cryostat. The measurements were conducted in the temperature range 20K-350K. 
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3.3 Preliminary Characterization 
3.3.1 Current-Voltage Characteristics 
The bias dependence of the current through a p-n junction diode is generally given by  
 
𝐼 = 𝐼𝑠 (𝑒
𝑞𝑉−𝐼𝑅𝑠
𝑛𝑘𝑇 − 1)     (9) 
 
where 𝐼𝑆 is the saturation current, 𝑉 is the forward bias voltage, 𝑇 is the absolute 
temperature, 𝑛 is the ideality factor and 𝐼𝑅𝑆 is the voltage drop across the device due to  
contact and  bulk resistance [22, 23]. The saturation current  𝐼𝑆  , as derived from the straight-
line intercept for the semi-logarithmic current-voltage plot at 𝑉 = 0. The Ideality factor 𝑛 will 
have a value 1 if carrier transport across the barrier is attributed to diffusion current only.  
However for more complex transport mechanisms (i.e. a combination of diffusion and  
recombination) the ideality will vary between  1 and 2 [23].  
 
As stated earlier when a solar cell is exposed to the sun, photons with energies less than that 
of the bandgap (𝐸 < 𝐸𝐺) will make no contribution to current generation. However, photons 
with energies greater than that of the bandgap energy (𝐸 > 𝐸𝐺) will contribute an energy 𝐸𝐺  
to the cell output while the excess is converted to heat. The I-V characteristics of a solar cell 
under illumination is given by the ideal diode equation with the addition of 𝐼𝐿 to the 
conventional dark current 𝐼𝑠.  
 
𝐼 = 𝐼𝑠 (𝑒
𝑞𝑉−𝐼𝑅𝑠
𝑛𝑘𝑇 − 1) − 𝐼𝐿    (10) 
 
Where 𝐼𝐿 represents the light generated current. Light has the effect of shifting the IV curve 
down the current axis allowing the power delivered by the diode to be extracted. A typical I-
V curve of a PV cell is presented in figure 3.3 below. From this, one is able to extract 
meaningful photovoltaic parameters such as the open-circuit voltage (𝑉𝑂𝐶), the short-circuit 
current (𝐼𝑆𝐶), the fill factor (𝐹𝐹) and the efficiency (𝜂).  
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Figure 3.3. I-V characteristics of an illuminated solar cell diode [28]. 
 
The I-V characterization of the samples investigated in this project was done in the “dark” 
(meaning not illuminated) and while illuminated. The former (not presented in this work) was 
done to establish diode quality and reverse bias threshold. Reverse bias currents as low as a 
few nano-amps made the device satisfactory for further electrical characterization. 
Illuminated I-V’s were recorded at room temperature exposing the cell to 1-sun solar AM1.5 
illumination using a solar simulator. Measurements were done using a Keithley 2400 Source 
Meter (supplying the voltage), while the generated current was measured using a Keithley 
6514 current meter. 
 
3.3.2 Photoluminescence 
In photoluminescence (PL), electron-hole (e-h) pairs are generated by the absorption of 
photons. These photo-generated e-h pairs are bound by coulomb interaction and forms 
hydrogen-like features referred to as excitons. The excitons will diffuse and relax into a quasi-
equilibrium distribution while they are recombining via radiative and non-radiative processes. 
Radiative recombination, (i.e. band to band, band to defect level etc.) is accompanied by the 
emission light, while for non-radiative recombination heat is generated.   
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In PL, the radiative emission is recorded as a function of wavelength. Clearly, the intensity of 
the emission spectrum is a function of the efficiency of radiative recombination process.   
 
Photoluminescence can essentially be described by a three-step process: 
1. The generation of excitons by absorption of incident radiation near the surface. 
2. The radiative recombination of excitons, and 
3. The emission of photons due to radiative relaxation. 
 
Figure 3.4. Schematic representation of e-h pair generation and recombination. 
 
Evidently, an excitation source with energy greater than the band gap of the semiconductor 
is needed. Photoluminescence results are presented in chapter 4 in figure 4.8 to 4.11. Results 
were taken at room temperature and at low temperature (6-10K) in a closed cycle helium 
cryostat.  Low temperature measurements are necessary to eliminate effects such as multi-
phonon relaxation and thermal excitation of carriers. Illumination provided using a 532 nm 
green laser at 42 mW power intensity. Emission was detected using a Si and InGaAS charge 
coupled device (CCD) detector for wavelength ranges of 800–1000 nm and 1000-1200 nm 
respectively.  
 
 
 
24 | P a g e  
 
3.3.3 Transmission Electron Microscopy 
High resolution transmission electron microscopy (HRTEM) was performed to confirm the 
structure of the grown devices and to confirm the presence of the intended QWs therein. 
TEM specimens were prepared using a focused ion beam (FIB) in a FEI Helios Nanolab 650. 
Bright field (BF) TEM analysis was done using a double Cs corrected JEOL ARM 200F.  
 
3.4 AS and DLTS Characterisation of Deep Level Centers  
Admittance spectroscopy (AS) and deep level transient spectroscopy (DLTS) are both 
capacitance based spectroscopic techniques. These two methods were the main 
experimental techniques used in this study to examine electrically active deep level centers 
present in the GaNAs/GaAs QWs.  
 
3.4.1 Capacitance of p-n Junctions 
The doping profiles of the grown structures were determined by C-V measurements.  The 
depletion region in a p-n junction can be modelled to that of a parallel plate capacitor with 
the capacitance-voltage relationship given by   
 
1
𝐶2
= (
2
𝜀𝑠𝑞𝑁𝑑𝐴2
) (𝑉𝑏𝑖 −
𝑘𝑇
𝑞
− 𝑉)    (11) 
 
where 𝜀𝑠 is the permittivity of the semiconductor, 𝑁𝐷  is the carrier concentration, 𝑉𝑏𝑖 is the 
built in potential and 𝑉 is the applied voltage.  
 
Doping profiles as determined from capacitance measurements have to be carefully assessed 
when working with p-n (two-sided) junctions. The doping profile can only be uniquely 
determined when the doping profile from one side is known [52].  
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3.4.3 Admittance Spectroscopy 
The capture and emission of charge by defects varies the carrier concentration in the space 
charge region of a diode (in this study, a p-i-n diode). Consequently, by intentionally filling 
defects (thermally or optically), one can study the emissions as a function of temperature. 
This idea lies at the heart of two of the most frequently used defect spectroscopy techniques, 
namely admittance and deep level transient spectroscopy [53].  
 
In admittance spectroscopy, a device is subjected to a DC bias with a superimposed AC signal. 
Defect levels, that are present in the device under study, will sweep through the quasi-Fermi 
level resulting in the filling and emptying of these defect levels and consequently causing a 
variation in the charge density distribution [54]. This will produce an alternating displacement 
current with a frequency equivalent to that of the test signal frequency. By quantifying this 
current, the frequency dependent sample impedance (Z), a complex quantity, can be 
determined. In the ideal case, assuming that the real resistance of the sample is negligible, 
the impedance is therefore purely capacitive. Any variation in the frequency dependent 
impedance is therefore related to variations in the diode capacitance, which in turn could be 
related to defects.     
 
The junction region of a device exhibits admittance (Y) (the reciprocal of the impedance) 
under a small AC test bias, which is given by 
 
𝑌 = 𝐺 + 𝑗𝐶𝜔      (12) 
 
with the conductance 𝐺 given by  
 
𝐺
𝜔
= 𝐶0 (
𝜔𝜏
1+ (𝜔𝜏)2
)     (13) 
 
where 𝜔 = 2𝜋𝑓 is the angular test frequency and 𝜏 is the defect relaxation time. Peak AS 
values appear when  𝜏𝜔 = 1 (with 𝜏−1 = 2𝑒𝑛 where 𝑒𝑛 is the emission rate of a defect under 
study).  
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This enables the formulation of an Arrhenius plot from which the thermal activation energy 
of the related levels can be estimated. In this case, 𝐶0 (the unbiased sample capacitance) is 
related to the defect density [26, 53]. The conductance peak can be obtained through two 
methods; either varying the frequency at a predetermined fixed temperature or by varying 
the temperature at a predetermined fixed frequency. The emission parameters of deep levels 
can thus be extracted. As mentioned, the voltage drop across the space charge region of a 
diode will follow the modulated AC signal, which will modulate the space charge region and 
the local quasi Fermi levels. This modulation will cause capture and emission from deep level 
centers in a region of up to ~4kT around the point where the defect level crosses the Fermi 
level (viz. cross-over point) near the depletion region boundaries [53, 55]. 
 
Advantages of admittance measurements include the following: 
1. Shallow levels with short time constants (fast emission) can be detected. 
2. Quasi-equilibrium conditions can be maintained  
3. Limited diode leakage it still tolerable.  
4. It is a very useful complimentary  capacitance based spectroscopy technique [54]. 
 
Admittance measurements in this study were made using a HP-4284A LCR meter 35 mV test 
signal at probing frequencies ranging between 318 Hz and 1 MHz. The capacitance was 
measured while in parallel RC circuit mode while applying a reverse bias of -1 V. The 
conductance of the sample was extracted.  
 
3.4.4 Deep Level Transient Spectroscopy 
Deep Level Transient Spectroscopy (DLTS) was introduced by D.V Lang in 1974 [56]. It became 
widely used for observing and characterizing deep level traps and impurities present in 
semiconductors due to its very high sensitivity. In DLTS, a device is subjected to an appropriate 
DC reverse bias. A pulse of pre-defined frequencies and amplitude, superimposed on the 
reverse bias, is then applied to the device. This pulse collapses or partially collapses (recall 
that the depletion region is bias dependent) the depletion region, allowing defects in this 
region to be populated. The pulse is defined such that its width typically exceeds the capture 
rate of the defect by a factor of 10.   
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Additionally, the time between successive pulses needs to be significantly longer than that of 
the thermal emission rate of the defect in order for the defects to emit trapped carriers and 
consequently for a capacitance transient to be observed. The emission rate of the emitted 
carriers is described by eq. 15. Clearly, the emission rate relates to the position of the defect 
in the bandgap (transition enthalpy), and the capture cross section of the defect, a measure 
of perturbation of lattice potential in region where the defect is located [55]. A schematic the 
DLTS measurement sequence is in figure 3.5 below. 
 
 
Figure 3.5. Schematic representation of DLTS principles. 
 
In summary,  
1. A quiescent reverse bias is applied with a corresponding capacitance. 
2. A filling pulse is applied allowing the capture of charge carriers by deep levels 
3.  The pulse is momentarily relaxed  
4. If sufficient thermal energy is available, the defects will emit the captured carriers.   
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Clearly, the emission rate is temperature dependent. The emission response is recorded as 
capacitance transients. In conventional DLTS, a rate window is set and the transient is 
recorded within that rate. In DLTS, the trap density 𝑁𝑇 is related to the amplitude of the 
capacitance transient and approximated by 
 
𝑁𝑇
𝑁𝐷
=
2∆𝐶(0)
𝐶
      (14) 
 
where 𝑁𝐷 is the donor concentration, ∆𝐶 is the change in capacitance at 𝑡 = 0, due to a 
saturating filling pulse, and 𝐶 is the capacitance of the diode under quiescent reverse bias 
conditions. The temperature dependent defect emission rate was obtained from the 
difference spectra by Laplace DLTS while the defect signatures were extracted from Arrhenius 
plots in the conventional manner using: 
 
𝑒𝑛 = 𝜎𝑛𝑎𝛾𝑛𝑇
2 exp (−
𝐸𝑐−𝐸𝑇
𝑘𝑇
)     (15) 
 
Here, 𝑒𝑛 is the electron emission rate at a given temperature 𝑇,  𝜎𝑛𝑎 the apparent capture 
cross section of the defect, 𝑘 is the Boltzmann constant and 𝛾𝑛 is equal to (𝑁𝑐〈𝑣𝑛〉/𝑇
2)(𝑔0/
𝑔1). 𝑁𝐶  is the effective density of states in the conduction band, 〈𝑣𝑛〉 the average thermal 
velocity of the electrons and 𝑔0  and 𝑔1 are degeneracy terms related to the defect state 
before and after electron emission [57]. It is evident that linearization of equation (3) allows 
the extraction of the energy position and the apparent capture cross-section of a deep level. 
One advantage of DLTS lies in its ability to detect both charge carrier types whereas AS can 
only detect majority carriers [53]. 
 
In this study, conventional DLTS spectra were recorded at a scan rate of 4 K/min using a rate 
window of 104 𝐻𝑧. Unless stated otherwise the reverse bias and filling pulse were -1 V and 
1.5 V respectively. The pulse width, in all cases, was 1 ms. The activation enthalpy ∆𝐸, was 
determined from the slope of the 𝑙𝑜𝑔(1/𝑒𝑛 ) versus (1000/𝑇) Arrhenius plot. Laplace DLTS 
was used to resolve defects with narrowly spaced emission rates. All AS and DLTS, 
measurements were performed in the 20-320 K temperature range using a closed cycle liquid 
helium cryostat.  
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Chapter 4: Characterization of 
GaAs p-i-n Solar Cells with 
Embedded GaNAs QWs 
4.1  Introduction 
In this chapter, experimental results of GaNAs/GaAs embedded quantum well (QW) p-i-n 
diodes as grown by Molecular Beam Epitaxy (MBE) are discussed. The chapter is divided into 
two sections. The first section, presents results related to the structural, electrical and optical 
properties of the p-i-n diodes as studied by transmission electron microscopy (TEM), current-
voltage (I-V) and photoluminescence (PL) measurements. The second section deals with the 
main study of this work which was the characterization of electrically active deep level centers 
present in the p-i-n diode.  These deep levels were studied by admittance spectroscopy (AS) 
and deep level transient spectroscopy (DLTS).  
 
4.2  Structural, Electrical and Optical Characterization 
A detailed description of the design structure of the p-i-n diodes under study is presented 
next. High-resolution transmission electron microscopy was used to confirm the structure 
correlates with the intended design. In addition to this, the electronic band structures were 
simulated with the exclusive purpose of gaining a clearer understanding of the measured 
electronic behaviour of the devices. Experimental results for I-V and PL are also presented 
and are discussed. The structure for the reference GaAs p-i-n diode is presented first, followed 
by the three GaNAs embedded QW samples. These three samples are classified by the doping 
type of the GaNAs QWs namely p-type (beryllium (Be) doped), i-type (un-doped), and n-type 
(silicon (Si) doped) respectively. Their comparative I-V and PL results then follow. 
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4.2.1 GaAs Reference p-i-n Diode 
The first set of samples, presented in this section, contains no embedded QWs and serves as 
reference GaAs p-i-n diodes. The sample structure is presented in figure 4.1, depicting the 
dimensions of the various doping layers and their respective carrier concentrations. 
 
 
Figure 4.1. Schematic of the reference GaAs p-i-n diode depicting the layer thicknesses and 
doping concentrations. 
The sample structure consists of multiple stacked layers grown on an n-type GaAs substrate. 
Electrical contacts to the device were facilitated via top (Ti/Pt/Au) and bottom (indium) ohmic 
contacts. The first region of the diode (described here in growth direction viz. bottom to top) 
is 600 nm n-type (Si) doped GaAs where the first 300 nm is doped to a concentration of 1 ×
1018/𝑐𝑚3 and the second to a concentration of 5 × 1017/𝑐𝑚3.   
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This is followed by an intrinsic region, unintentionally doped p-type (Be), with a doping 
concentration of approximately 1 − 5 × 1015/𝑐𝑚3. Importantly, this region in this reference 
p-i-n diode contains no embedded QWs. The intrinsic region is succeeded by a 200 nm of n-
type (Si doped) GaAs layer with a carrier concentration of 5 × 1017/𝑐𝑚3. This is then capped 
with two 20 nm p+-type (Be doped) GaAs layers with carrier concentrations of 2 × 1018/𝑐𝑚3 
and 2 × 1019𝑐𝑚3 respectively. Ohmic contact fabrication is done using photolithography and 
sputtering while individual contacts are electrically isolated through etching as described in 
section 3.2. The electronic structure for this sample was simulated and is presented in figure 
4.2 below. 
 
Figure 4.2. Simulated electronic band structure of the reference GaAs p-i-n diode under zero 
bias conditions. The simulation shows the carrier distributions, electron and hole quasi-Fermi 
levels as well as the depletion region. (Under equilibrium conditions the electron and hole 
quasi Fermi levels coincide) 
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Figure 4.2 illustrates the zero bias electronic structure of the reference p-i-n diode (i.e. the 
conduction band, valence band and Fermi level) as a function of the dopants and dimensions. 
Evidently, in the n-type region of the device, the Fermi level lies above the conduction band 
and then moves below it throughout the intrinsic and p-type regions. The electron and hole 
distributions are also depicted. The difference in carrier concentration results in the 
formation of the depletion region, which extends to ~498 nm into the intrinsic region (as 
viewed from the edge of the n-type region). 
 
4.2.2 GaNAs QWs Embedded in a GaAs p-i-n 
The next sample of interest, contains embedded QWs and serves as a description to all 
preceding GaNAs QW embedded GaAs p-i-n diodes. The sample structure is presented in 
figure 4.3, depicting the dimensions of the various doping layers and their respective carrier 
concentrations. 
 
Figure 4.3. Schematic of the p-i-n GaNAs/GaAs embedded QW solar cells depicting the layer 
thicknesses and doping concentrations. 
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The samples were grown following the same procedure as for the reference GaAs p-i-n diode. 
The intrinsic region (600 nm) consisted of ten GaNAs quantum well layers, 4 nm thick, 
separated by 16 nm GaAs barrier layers. This is achieved by interrupting growth for 20-second 
intervals while supplying a steady flow of nitrogen, from a Nitrogen Plasma. These QWs were 
then subsequently doped either p-type (Be doped), i-type (un-doped), and n-type (Si doped). 
The simulated electronic structure for each of these GaNAs QW embedded GaAs p-i-n diodes 
are presented in figures 4.4 – 4.6 below. They depict the dependence of the zero-bias 
electronic structure, for each of the GaNAs quantum well embedded GaAs p-i-n diodes, on 
the dopant type and structural dimensions. The electron and hole spatial distributions, central 
to the properties of the depletion region, are also illustrated. In the sample with p-type (Be) 
QWs, the depletion region is formed in front of the QW’s themselves (in growth direction, 
located in figure 4.4 between 0 nm and ~166 nm).  
 
Figure 4.4. Simulated electronic band structure of a GaAs p-i-n diode under zero bias 
conditions containing embedded p-type (Be-doped) GaNAs QW. The simulation shows the 
carrier distributions, electron and hole quasi-Fermi levels as well as the depletion region. 
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For the un-doped and n-type (Si) quantum well samples, the depletion region extends beyond 
the QWs (in growth direction) to a depth of ~485 nm and ~539 nm respectively. 
 
Figure 4.5. Simulated electronic band bending of a GaAs p-i-n diode under zero bias 
conditions containing embedded virtually un-doped GaNAs QW. The simulation shows the 
carrier distributions, electron and hole quasi-Fermi levels as well as the depletion region. 
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Figure 4.6. Simulated electronic band bending of a GaAs p-i-n diode under zero bias 
conditions containing embedded n-type (Si-doped) GaNAs QW. The simulation shows the 
carrier distributions, electron and hole quasi-Fermi levels as well as the depletion region. 
 
It is important to note that the doping variation for the structure starts from a p-type region, 
transitioning to lower p-type (“intrinsic”) region and then abruptly into n-type. This scheme 
allows us to assume the device behaves as an asymmetrical one-sided junction. The depletion 
region will effectively be moving from the “intrinsic” region into the n-type region due to the 
harsh concentration gradient. The region originating from a slightly p-type intrinsic region 
leads to holes being probed as majority carriers during the measurements. This leads to the 
reasoning of the exclusion of the cross-over points produced to the right of the diagram 
between the electron quasi-Fermi level and the deep level stated at the p-type boundary. This 
edge of the depletion region will effectively not be moving. 
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4.2.3 Current-Voltage Characteristics 
Next, the diode quality, current transport mechanisms and photovoltaic properties of GaAs 
p-i-n diodes with embedded GaNAs quantum wells is investigated through I-V measurements. 
A comparison of the illuminated I-V characteristics between the reference GaAs p-i-n diode 
and the three GaNAs QW embedded samples with varying doping in the QW region is 
investigated and their solar cell properties discussed.  
 
Figure 4.7 depicts the illuminated I-V curves for all four samples clearly showing the effect of 
the introduction of quantum wells into the solar cells. The photovoltaic properties, namely 
open-circuit voltage (𝑉𝑂𝐶), short circuit current (𝐼𝑆𝐶), fill factor (ff) and efficiency were 
extracted and tabulated in table 4.1.  
  
Figure 4.7. Current-voltage curves taken under illuminated conditions to determine the 
characteristic solar cell properties of each device. 
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Table 4.1. Photovoltaic characteristics (Short circuit current (𝐼𝑆𝐶), open circuit voltage (𝑉𝑂𝐶), 
fill factor (𝑓𝑓) and efficiency (𝜂)) as extracted from I-V curves measured under illumination. 
Sample Voc Isc Vmp Imp FF Pmax Efficiency 
GaAs 0.72 4.39×10-05 0.55 3.94×10-05 0.69 2.17×10-05 11.04 
p-GaNAs 0.57 3.91×10-05 0.35 3.32×10-05 0.52 1.16×10-05 5.91 
i-GaNAs 0.54 4.24×10-05 0.25 2.60×10-05 0.28 6.50×10-06 3.31 
n-GaNAs 0.6 3.63×10-05 0.4 3.29×10-05 0.60 1.32×10-05 6.70 
 
In all samples containing embedded quantum wells, a decrease in both the 𝑉𝑂𝐶 and 𝐼𝑆𝐶  is seen 
along with a decrease in efficiency. The decrease in 𝑉𝑂𝐶 is due to the trapped charge carriers 
in the QWs not being effectively extracted to contribute to the external circuit. The decrease 
in 𝐼𝑆𝐶  can be attributed to the carriers being captured by the quantum wells and thus not 
being transported through the diode.  
 
This effect should become more pronounced in samples with higher nitrogen concentrations, 
as true for these samples, since the well depths and electron confinement should be more 
pronounced. Additional charge carrier trapping, may also be accounted for by considering the 
presence of electrically active defects in the material. Results pertaining to this, obtained 
through defect spectroscopy, will be presented later. 
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4.2.4 Photoluminescence 
Room temperature (RT) and low temperature (LT) photoluminescence (PL) results are 
presented in figure 4.8 – 4.10. The emission energies are extracted and their properties 
discussed. 
 
 
Figure 4.8. PL spectra of reference GaAs p-i-n solar cell taken at both room temperature (RT) 
and low temperature (10K). Energies were extracted to be 1.50 eV and 1.42 eV respectively. 
 
The theoretical band gap of GaAs at room temperature is 𝐸𝑔(300𝐾) = 1.42𝑒𝑉. This 
correlates to band-to-band emission with a peak at 1.42eV as is evident in figure 4.8. 
Conversely, the theoretical band gap of GaAs at 10K is  𝐸𝑔(10𝐾) = 1.52𝑒𝑉 . This correlates 
to the experimentally observed peak emission line at 1.50eV as seen in figure 4.8.    
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Figure 4.9. Schematic representation of quantum well depth as a function of nitrogen 
concentration. 
 
For a GaNAs QW containing 3.1% N and well width of 4 nm, the confinement depth is 
calculated to be ∆𝐸 = 341 𝑚𝑒𝑉. Similarly for QWs of the same width but with 1.9% N and 
1.3 % nitrogen, the confinement depths will be ∆𝐸 = 249 𝑚𝑒𝑉 and ∆𝐸 = 193 𝑚𝑒𝑉 
respectively. Figures 4.9 and 4.10 depict RT and LT photoluminescence spectra of the GaNAs 
QW embedded samples. The emission energy can be calculated and compared to the 
calculated confinement depths so as to get a rough estimate of the nitrogen concentration 
present in the QWs. 
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Figure 4.10. Room temperature PL spectra of the GaNAs QW embedded samples. 
 
 
Figure 4.11. Low temperature (6K) PL of the GaNAs QW embedded samples. 
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RT PL spectra of the p-type, un-doped and n-type QW structures revealed peaks at 300 meV, 
270 meV and 320 meV respectively. LT PL revealed two peaks at 70 meV and 180 meV present 
in the p-type QWs. Likewise, for the un-doped QWs two peaks at 80 meV and 150 meV were 
present. The n-type QWs only show a single emission peak at 220 meV. From this we can 
estimate the nitrogen concentration to be between 1.3% and 1.9%. The separate peaks can 
be as a result of independent localized states as introduced by the nitrogen incorporation 
[10]. 
 
4.2.5 Transmission Electron Microscopy 
Bright field (BF) transmission electron microscopy (TEM) was used to confirm the structural 
presence of the GaNAs QWs embedded within the GaAs p-i-n diodes. Cross sectional 
micrographs of both the reference p-i-n diode and the GaNAs QW embedded samples are 
presented below.  
 
 
Figure 4.12. Bright field cross sectional TEM micrograph of the reference p-i-n diode 
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Figure 4.12 confirms the reference p-i-n diode to be uniform single crystal GaAs. No interfaces 
were visible, as expected. This sample was presented as a comparison for the QW embedded 
samples below. The dark lines seen evident on the micrograph are as a result of the bending 
of the foil lamellae. This will result in regions being oriented further or closer to the zone axis 
which will result in darker and brighter regions in the micrograph respectively.  
 
BF micrographs of the QW embedded sample, taken at various magnifications, are presented 
in figure 4.13 – 4.15 below. Dimensional analysis of the QW width is presented in figure 4.16.  
 
 
Figure 4.13. Bright field TEM micrograph of the GaNAs layers embedded in the GaAs p-i-n 
structure. Presence of the GaNAs QW layers are visible. 
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Figure 4.13 thus confirms the presence of 10 equidistant QWs embedded in the GaAs p-i-n 
diode.  
 
 
Figure 4.14. Bright field TEM micrograph of the GaNAs QW embedded sample. Grey scale 
intensities used to estimate GaNAs layer width as shown in figure 4.16. 
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Figure 4.15 High magnification bright field TEM micrograph of the GaNAs QW embedded 
sample.  
 
Blotching seen in the images is due to the ion damage from the gallium source used during 
FIB preparation and is seen in the BF images due to the sensitivity to strain. 
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Figure 4.16 Grey scale intensity plot of the bright field image depicted in figure 4.14 used for 
dimensional analysis. 
 
FWHM analysis done on the intensity plot results in an average well width of 3.6 nm. Thus 
all simulations done using 4 nm wells are well within resonable approximation. 
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4.3 AS and DLTS, a Comparative Study of Deep Level Centers. 
In this section the experimental results for admittance spectroscopy (AS) and deep level 
spectroscopy (DLTS) are reported. In order to inform the interpretation of the results, 
simulated electronic band structures employing the same experimental conditions applied 
during the measurements are presented alongside the results. This allowed a sensible 
comparison between the experimentally observed results and the theoretical/simulated 
predictions. It is structured such that the results for each sample is presented as a subsection. 
The results for the reference GaAs p-i-n diode are presented first, followed by the three 
GaNAs embedded QW samples. These three samples are classified by the doping type of the 
GaNAs QWs namely p-type (Be doped), i-type (un-doped), and n-type (Si doped). 
 
4.3.1 GaAs Reference p-i-n Diode 
Temperature dependent admittance measurements were performed in the temperature rage 
77K-450K while applying four different voltages; 0.5 V (forward), 0 V, -0.5 V and -1 V (reverse) 
to the diode. Only the spectra obtained at reverse bias of -1 V are presented and discussed. 
Figure 4.17 depicts the AS spectra, obtained from the reference GaAs p-i-n diode. A set of 
preselected test signal frequencies, at the reverse bias of -1 V with a superimposed AC signal 
of 35 mV, were used for these measurements. The presence of a single defect level is 
confirmed by the presence of a peak in the temperature dependent admittance spectrum. 
The peak temperature is frequency dependent. 
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Figure 4.17. Admittance spectra for the reference GaAs p-i-n structure depicting the 
presence of one deep level center. 
 
Figure 4.18 depicts Arrhenius plots for the defect level observed in figure 4.17. This plot is 
clearly not linear as would be expected for a single defect. This non-linearity might therefore 
suggest the possible presence of closely spaced defects with different emission rates. It might 
also be due to the influence of a strong signal approaching from higher temperatures. 
Assuming two defects then, two activation energies of (387 ± 55) meV and (152 ± 18) meV 
were obtained.  
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Figure 4.18. Associated Arrhenius plots for the defects observed by AS in figure 4.17. The 
activation energies of (387 ± 55) meV and (152 ± 18) meV are extracted assuming two 
defects. 
 
Subsequently, NextNano++ was used to model the electronic structure for the investigated 
sample. The simulations yielded the valence and conduction bands of the sample as well as 
the electron and hole quasi-Fermi levels. Deep levels, observed experimentally at 152 meV 
and 387 meV (labelled as level 1(a) and 1(b) respectively), were deliberately introduced into 
the modelled structure with the intention to confirm the origin of a cross-over point at these 
energies, as is needed for AS. (Recall that in AS, defects close to the Fermi level are filled and 
emptied at the test signal frequency). 
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Figure 4.19. Simulated electronic band structure of the reference GaAs p-i-n diode 
considering an applied reverse bias of -1 V. The simulation shows the carrier distributions, 
electron and hole-quasi Fermi levels as well as proposed defect levels. The cross-over points 
of the Fermi- and defect-levels are also indicated. 
 
Figure 4.19 depicts the NextNano++ simulation of the GaAs embedded quantum well p-i-n 
structure. It is clear from the simulation that both the electron and hole quasi-Fermi levels 
produce “cross-over points” with the proposed deep level center of 152 meV (level 1(a)) and 
with the electron quasi-Fermi level for the 387 meV (level 1(b)) deep level. It is instructive to 
note that the AS signal originates from the edge of the depletion region, which, in this case, 
extends from ~23nm to ~571 nm at -1 V reverse bias. Thus, the 35 mV superimposed AC signal 
will consequently fill and empty levels around this point, resulting in a variation in the 
admittance signal of the sample.  
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Since cross-over points between the hole and electron Fermi level and the proposed deep 
level center of 152 meV (level 1(a)) occur at ~592 nm and ~32 nm respectively, it is speculated 
that the related AS signals are most likely originating from states at these locations. A cross-
over point between the hole and electron Fermi level and the proposed deep level center of 
387 meV (level 1(b)) occurs at ~486 nm and ~73 nm. Considering a standard error of ±55 meV, 
it is reasonable to assume that the signal may originate from these regions.  
 
Since the majority carriers being probed are in fact holes, it is reasonable to disregard the 
electron traps and thus only consider the cross-over points as indicated on the diagram. These 
deep levels or the combination of them are thus attributed to the GaAs p-i-n structure and 
thus any defect states resembling these should be related to the bulk structure and not 
attributed to the introduction of nitrogen into the sample. 
 
In order to gain a broader understanding of the material and GaAs p-i-n structure properties, 
DLTS was done in the temperature range of 20K to 350K. A reverse bias of -1 V was applied 
pulsing into forward bias with an amplitude of 0.5 V. The rate window (RW) was set at 100 µs 
with a pulse width (PW) of 10 µs. Figure 4.20 depicts the DLTS spectra obtained from the 
reference sample. Notably, only one deep level is observed.  
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Figure 4.20. Conventional DLTS spectra for a GaAs reference p-i-n diode. A reverse bias of -1 
V was used while pulsing into a forward bias of 0.5 V (viz. a filling pulse of 1.5 V). Rate 
window (RW) was set at 100 µs with a pulse width (PW) of 10 µs. 
 
Minority carriers and thus negative peaks for these samples will be electrons. Thus, the deep 
level seen in figure 4.20 may be presumed to be an electron trap by the sign convention of 
the transient (i.e a negative peak). Figure 4.21 shows the Arrhenius plot for the deep level 
depicted in figure 4.20. Using Laplace DLTS, the activation energy was calculated to be (210 ± 
2) meV.  
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Figure 4.21. Associated Arrhenius plot for the defect observed in figure 4.20. The activation 
energy is calculated to be (210 ± 2) meV. 
 
It is again necessary to determine the origin of the DLTS signals responsible for the peak 
detected in figure 4.20. Figure 4.22 depicts a NextNano++ simulation of the electronic band 
structure, for the investigated sample, employing the bias and pulse conditions used during 
the DLTS measurements. The effect of applied bias on the carrier distribution and 
consequently the depletion width is incorporated to illustrate the region being probed by the 
DLTS measurements. 
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Figure 4.22. Simulated electronic band structure of the GaAs reference p-i-n diode. The 
simulation shows the carrier distributions, electron and hole quasi-Fermi levels at zero bias. 
The depletion width varies from ~442 nm (0.5 V) to ~548 nm (-1 V). 
 
It evident from figure 4.22 that the region probed during our DLTS measurements is the 
intrinsic region of the p-i-n structure. Any defects resembling this defect in the quantum well 
embedded devices can thus be attributed to the bulk GaAs p-i-n solar cell. 
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4.3.2 p-type GaNAs QWs Embedded in a GaAs p-i-n 
The introduction of QWs are expected to alter the properties of the GaAs p-i-n diode. In this 
section, the electrical properties of deep level centers present in the p-type (Be doped) GaNAs 
QW embedded GaAs p-i-n diode is investigated by AS and DLTS.  As has been the case for the 
reference GaAs p-i-n diode, the results are interpreted with the assistance of the simulated 
electronic structure emulating the experimental bias conditions.  
 
AS were performed in the temperature range 20K to 350K at four different biases namely; 0 
V, a reverse bias of -0.5 V and -1 V and a forward bias of 0.5 V while superimposing an AC 
signal of 35 mV. In this section only the spectra obtained at the reverse bias of -1 V are 
presented and discussed. Figure 4.23 depicts the AS spectra, obtained from the p-type (Be 
doped) embedded QW sample.   A set of preselected test signal frequencies, at a reverse bias 
of -1 V with a superimposed AC signal of 35 mV, where used for these measurements. 
Evidently, three levels are detected.  
 
Figure 4.23. Admittance spectrum for the p-type GaNAs/GaAs QW p-i-n diode depicting the 
presence of three deep-level centers. Pulse conditions were set to have a reverse bias of -1 V 
with a superimposed AC bias of 35 mV. 
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Figure 4.24 depicts Arrhenius plots for the three defect levels observed in figure 4.23. The 
energies obtained from these plots are (117 ± 4) meV, (267 ± 4) meV and ~(136 ± 15) meV, 
respectively. Notably, non-linearity is observed in the Arrhenius curve of level 1. The cause of 
this non-linearity is not certain yet, but another speculation might be that it is due to the 
variation in spectra amplitude. This level compares with the single “complex” defect level 
detected in the reference GaAs p-i-n structure and depicted in figure 4.17. It is therefore 
reasonable to assume that levels 2 and 3 are attributed to the introduction of the QW’s into 
the sample.  
 
Figure 4.24. Associated Arrhenius plots for the defects observed by AS in figure 4.23. The 
activation energies are ~(136 ± 15) meV , (267 ± 4) meV and (117 ± 4) meV, respectively. 
 
As before NextNano++ was used to model the electronic structure for the the p-type 
GaNAs/GaAs QW p-i-n diode. The simulations yielded the valence and conduction bands of 
the sample as well as the electron and hole quasi-Fermi levels.  Deep levels, observed 
experimentally at 117 meV and 267 meV (labeled as level 2 and 3 respectively), were 
deliberately introduced into the modeled structure with the intention to confirm the origin 
of a cross-over point at these energies.  
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Figure 4.25. Simulated electronic band structure of the p-type GaNAs/GaAs QW p-i-n diode 
under an applied reverse bias of -1 V. The simulation shows the depletion region as 
calculated from the carrier distributions, electron and hole quasi-Fermi levels as well as 
proposed defect levels. The cross-over points of the Fermi- and defect-levels are also 
indicated. 
 
The ensuing simulation is depicted in figure 4.25. It is clear from the simulation that both the 
electron and hole Fermi levels produce “cross-over points” with the proposed deep level 
centers. The edge of the depletion region, in this case, extends to ~193 nm at -1 V reverse 
bias. Thus, the 35 mV superimposed AC signal will consequently fill and empty levels around 
this point. Since cross-over points between the electron Fermi level and the proposed deep 
level center located at 117 meV and 267 meV occur at ~202 nm and ~186 nm respectively, it 
is speculated that the related AS signals are most likely originating from states within this 
region. This region is located in the bulk intrinsic region, just below the QWs (in growth 
direction). With the 35 meV signal being superimposed on the DC bias, it might be possible 
for the occupation and emptying of charge carriers to be occurring at the QWs nearest these 
cross-over points.  
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These levels could therefore possibly be linked to electronic states related to the QWs. 
However, these energies vary quite significantly from that seen in the PL spectra which had 
energy depths of 70 meV and 180 meV at low temperatures and 300 meV at room 
temperature. Thus, it would be more reasonable to conclude that these states might be 
related to nitrogen induced states resulting from the inclusion of the QWs. Nitrogen being a 
small and highly electronegative atom, is known to severely degrade crystal quality at higher 
concentrations and thus induce deep level states [8, 58].  
 
DLTS was done from 20 K to 350 K. A reverse bias of -1 V was applied pulsing into forward 
bias with 0.5 V. The rate window was set at 100 µs with a pulse width of 10 µs. Figure 4.26 
depicts DLTS spectra obtained from the p-type (Be doped) sample.  Four deep levels are 
observed. In contrast, only one level, most likely the one labelled “level 4”, was detected in 
the reference sample. Thus levels 1, 2 and 3, not being seen in the reference sample, could 
be presumed to be as a result of the QWs in the sample structure. 
 
 
Figure 4.26. A conventional DLTS spectrum obtained for the p-type GaNAs/GaAs QW p-i-
n diode. A reverse bias of -1 V was used while pulsing into a forward bias of 0.5 V (viz. a 
filling pulse of 1.5 V). Rate window (RW) was set at 100 µs with a pulse width (PW) of 10 µs. 
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Figure 4.27 shows the Arrhenius plots for the four levels depicted in figure 4.26.  Using Laplace 
DLTS, the activation energies for levels 1-4 were determined to be (15 ± 0.1) meV, (48 ± 2) 
meV, (60 ± 1) meV and (331 ± 8) meV respectively.  
 
 
Figure 4.27. Associated Arrhenius plot for the defects observed in figure 4.26. The activation 
energies are (15 ± 0.1) meV, (48 ± 2) meV, (60 ± 1) meV and (331 ± 8) meV respectively. 
 
It is again necessary to determine the origin of the DLTS signals responsible for the peaks 
detected in figure 4.26.  Figure 4.28 depicts a NextNano++ simulation of the band diagram, 
for the investigated sample, as a function of the applied bias used during the DLTS 
measurements. The effect of applied bias on the carrier distribution and consequently the 
depletion width is incorporated to illustrate the region being probed by the DLTS 
measurements. 
 
59 | P a g e  
 
 
 
Figure 4.28. Simulated electronic band structure of the p-type GaNAs/GaAs QW p-i-n diode. 
The simulation shows the carrier distributions and electron and hole quasi-Fermi levels at 
zero bias. The depletion width varies from ~143 nm (0.5 V) to ~184 nm (-1 V). 
 
It is evident from figure 4.28 that the region probed during our DLTS measurements is below 
(in growth direction) the actual quantum wells. The depletion region recedes to 143 nm when 
the forward bias injection pulse of 0.5 V is applied and then relaxes back to 184 nm under the 
-1 V reverse bias. Thus, as proposed by the simulation, the signals should be coming from the 
bulk intrinsic region below the quantum wells.  
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4.3.3 i-type GaNAs QWs Embedded in a GaAs p-i-n 
Figure 4.29 depicts the AS spectra, obtained from the i-type (un-doped) embedded QW 
sample.  One level is detected in the temperature and frequency range considered.  
 
Figure 4.29. Admittance spectrum for the i-type GaNAs/GaAs QW p-i-n diode depicting the 
presence of a single deep level center. Pulse conditions were set to have a reverse bias of -1 
V with a superimposed AC bias of 35 mV. 
 
Figure 4.30 depicts Arrhenius plots for the defect level observed in figure 4.29. The energy 
obtained from this plots is ~(149 ± 11) meV. As before, non-linearity is observed in the 
Arrhenius plot. This level appears to be similar to the level previously observe in reference 
GaAs p-i-n structure (containing no embedded QWs). It is therefore reasonable to assume 
that this level is attributed to GaAs.  
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Figure 4.30. Associated Arrhenius plots for the defects observed by AS in figure 4.29. The 
activation energy is (149 ± 11) meV. 
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Figure 4.31. Simulated electronic band structure of the i-type GaNAs/GaAs QW p-i-n diode 
under an applied reverse bias of -1 V. The simulation shows the depletion region as 
calculated from the carrier distributions, electron and hole quasi-Fermi levels as well as 
proposed defect levels. The cross-over points of the Fermi- and defect-levels are also 
indicated. 
 
Figure 4.31 depicts the NextNano++ simulation of the i-type GaNAs/GaAs QW p-i-n diode. The 
deep level, observed experimentally at 149 meV, was deliberately introduced into the 
modeled structure.   It is clear from the simulation that both the electron and hole quasi-
Fermi levels produce “cross-over points” with the proposed deep level centers. Since the AS 
signal originates from the edge of the depletion region which, in this case, extends to ~593 
nm at -1 V reverse bias. Thus, the 35 mV superimposed AC signal will consequently fill and 
empty levels around this point, resulting in a variation in the admittance signal of the sample. 
Since cross-over points between the electron Fermi level and the proposed deep level center 
located at 149 meV occurs at ~593 nm, it is speculated that the related AS signals is most likely 
originating from states within this region, the same region probed in the GaAs reference p-i-
n diode. 
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DLTS was done from 20 K to 350 K. A reverse bias of -1 V was applied pulsing into forward 
bias with 0.5 V. The rate window was set at 100 µs with a pulse width of 10 µs. Figure 4.32 
depicts DLTS spectra obtained from the i-type (un-doped) sample.  One deep level is observed 
resembling that being seen in the reference sample and can thus be attributed to the bulk 
structure. No additional deep levels are seen in the spectra. 
 
 
 
Figure 4.32. Conventional DLTS spectrum for the i-type GaNAs/GaAs QW p-i-n diode. Rate 
window (RW) was set at 100 µs with a pulse width (PW) of 10 µs. A quiescent reverse bias of 
-1 V was used while pulsing into forward bias with 0.5 V by using a filling pulse of 1.5 V. 
 
Figure 4.33 Depicts a NextNano++ simulation of the electronic band structure, for the i-type 
GaNAs/GaAs QW p-i-n diode. The bias conditions for the simulation emulated that used in the 
DLTS measurement to illustrate the region being probed by the DLTS measurements. 
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Figure 4.33. Simulated electronic band structure of the i-type GaNAs/GaAs QW p-i-n diode. 
The simulation shows the carrier distributions, electron and hole quasi-Fermi levels at zero 
bias. The depletion width varies from ~550 nm (0.5 V) to 590 nm (-1 V). 
 
It is evident from figure 4.33 that the region probed during our DLTS measurements is above 
(in growth direction) the actual quantum wells. The depletion region recedes to 411 nm when 
the forward bias injection pulse of 0.5 V is applied and then relaxes back to 546 nm under the 
quiescent -1 V reverse bias. Thus, as proposed by the simulation, the signals should be coming 
from the bulk intrinsic region. The QWs are also seen to be depleted of carriers under the 
quiescent reverse bias of -1 V as the electron Fermi level lies above that of the QW valence 
band. Thus, there will be no occupation and depopulation occurring in the QW’s even when 
an injection forward current is applied. Thus as seen in the measurement one should expect 
no deep levels to be seen from the incorporation of the un-doped GaNAs QWs. 
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4.3.4 n-type GaNAs QWs Embedded in a GaAs p-i-n 
Figure 4.34 depicts the AS spectra, obtained from the n-type (Si doped) embedded QW 
sample.   A set of preselected test signal frequencies, at a reverse bias of -1 V with a 
superimposed AC signal of 35 mV, were used for these measurements. Evidently, three levels 
are detected.  
 
Figure 4.34. Admittance spectrum for the n-type GaNAs/GaAs QW p-i-n diode depicting the 
presence of three deep level centers. Pulse conditions were set to have a reverse bias of -1 V 
with a superimposed AC bias of 35 mV. 
 
Figure 4.35 depicts Arrhenius plots for the three defect levels observed in figure 4.34. The 
energies obtained from these plots are (201 ± 1) meV, (283 ± 3) meV and ~(194 ± 15) meV, 
respectively. Notably, non-linearity is observed in the Arrhenius curve of level 1. The same 
experiment as conducted on the reference GaAs p-i-n structure, which contained no 
embedded QWs, shows one defect level, resembling that of level 1 in the embedded QWs 
sample. It is therefore reasonable to assume that levels 2 and 3 are attributed to the 
introduction of the QWs into the sample.  
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Figure 4.35. Associated Arrhenius plots for the defects observed by AS in figure 4.34. The 
activation energies are ~(194 ± 15) meV, (283 ± 3) meV and (201 ± 1) meV, respectively. 
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Figure 4.36. Simulated electronic band structure of the n-type GaNAs/GaAs QW p-i-n diode 
under an applied reverse bias of -1 V. The simulation shows the depletion region as 
calculated from the carrier distributions, electron and hole-Fermi levels as well as proposed 
defect levels. The cross-over points of the Fermi- and defect-levels are also indicated. 
 
Figure 4.36 depicts the NextNano++ simulation of the n-type GaNAs/GaAs QW p-i-n diode. 
Deep levels at 201 meV and 283 meV (labeled as level 2 and 3 respectively) as determined 
from AS measurements were deliberately introduced into the modeled structure in order to  
confirm the position of a cross-over point at these energies. It is clear from the simulation 
that both the electron and hole Fermi levels produce “cross-over points” with the proposed 
deep level centers. It is instructive to note that the AS signal originates from the edge of the 
depletion region which, in this case, extends to ~593 nm at -1 V reverse bias. Thus, the 35 mV 
superimposed AC signal will consequently fill and empty levels around this point, resulting in 
a variation in the admittance signal of the sample. Since cross-over points between the 
electron Fermi level and the proposed deep level center located at 201 meV and 283 meV 
occur at ~591 nm and ~574 nm respectively, it is speculated that the related AS signals are 
most likely originating from states within this region.  
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Since this region is located in the bulk intrinsic region, above the QWs (in growth direction), 
it appears that these states do not originate from within the QWs themselves, however this 
seems to still be as a result of their incorporation into the structure. As mentioned previously, 
it is reported that crystal quality decreases with higher incorporations of N concentration, due 
to the large electronegativity mismatch between As and N atoms. This causes a degradation 
of the electrical and optical properties of the material as a result of N-induced deep level 
states [7, 8, 58]. Since these states (levels 2 and 3) were not detected in the reference sample, 
it suggests that the states can at best be attributed to the presence of the QWs and the 
incorporation of N.  
 
Figure 4.37 depicts the DLTS spectra obtained from the n-type (Si doped) sample.  Four deep 
levels are observed. In contrast, only one level, most likely the one labelled “level 4”, was 
detected in the reference sample. Thus levels 1, 2 and 3, not being seen in the reference 
sample, could be presumed to be as a result of the QWs in the sample structure. 
 
 
Figure 4.37. Conventional DLTS spectrum for the n-type GaNAs/GaAs QW p-i-n diode. Rate 
window (RW) was set at 100 µs with a pulse width (PW) of 10 µs. A reverse bias of -1 V was 
used while pulsing into forward bias with 0.5 V (viz. a filling pulse of 1.5 V). 
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Figure 4.38 shows the Arrhenius plots for the four levels depicted in figure 4.37.  Using Laplace 
DLTS, the activation energies for levels 1-4 were determined to be (52 ± 1) meV, (185 ± 7) 
meV, (104 ± 2) meV and (294 ± 5) meV respectively.  
 
 
Figure 4.38. Associated Arrhenius plot for the defects observed in figure 4.37. The activation 
energies are (52 ± 1) meV, (185 ± 7) meV, (104 ± 2) meV and (294 ± 5) meV respectively. 
 
It is again necessary to determine the origin of the DLTS signals responsible for the peaks 
detected in figure 4.37.  Figure 4.38 Depicts a NextNano++ simulation of the band diagram, 
for the investigated sample, as a function of the applied bias used during the DLTS 
measurements. The effect of applied bias on the carrier distribution and consequently the 
depletion width is incorporated to illustrate the region being probed by the DLTS 
measurements. 
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Figure 4.39. Simulated electronic band structure of the n-type GaNAs/GaAs QW p-i-n diode. 
The simulation shows the carrier distributions, electron and hole quasi-Fermi levels at zero 
bias. The depletion width varies from 550 nm (0.5 V) to 590 nm (-1 V). 
 
It is evident from figure 4.39 that the region probed during our DLTS measurements is above 
(in growth direction) the actual quantum wells. The depletion region recedes to 539 nm when 
the forward bias injection pulse of 0.5 V is applied and then relaxes back to 568 nm under the 
quiescent -1 V reverse bias. Thus, as proposed by the simulation, the signals should be coming 
from the bulk intrinsic region. However, due to a low but significant forward current flowing 
at 0.5 V during the pulsing, QWs can be expected to become populated and therefore 
emission from the QWs may also be observed. Thus, these signals may either be due to N-
induced states in the bulk intrinsic region, or as a consequence of emission from trapped 
carriers due to forward current injecting carriers into the QWs. 
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Finally, the results presented above highlight two important aspects. Firstly, AS and DLTS may 
be used successfully to characterise electrically active deep levels in structures that contain 
QWs. Secondly, care should be taken when interpreting the obtained data. Signal from energy 
levels not present in the reference sample but present in the QW containing sample can 
originate from N-induced defects, but may not originate directly from within the QWs. 
Evaluating the regions that are probed during these measurements allows us to have a better 
indication of where these states are indeed located. Electronic structure modelling using 
NextNano++ was found useful for this purpose. 
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Chapter 5: Conclusions 
5.1  Experimental Conclusions 
In this work the properties of electrically active deep level centers present in GaNAs/GaAs 
embedded quantum well (QW) p-i-n solar cells were studied using deep level transient 
spectroscopy (DLTS) and admittance spectroscopy (AS). The structures were grown by 
molecular beam epitaxy (MBE). In particular, the effect of doping of the QWs on the electrical 
properties was investigated. Four samples were studied comparatively; a reference GaAs p-i-
n diode which contained no embedded QWs, and then ten equally spaced intrinsic (un-
doped), n-type (Si doped) and p-doped (Be doped) GaNAs embedded QWs within the intrinsic 
region of the GaAs p-i-n diode.  
 
Preliminary structural characterization done using transmission electron microscopy 
confirmed the presence and structural dimensions of the embedded quantum wells. All 
further modelling was done based on the structural layout. 
 
Current-voltage measurements were done to assess the diode quality, current transport 
mechanisms and photovoltaic properties. In all samples containing embedded quantum wells, 
a decrease in both the 𝑉𝑂𝐶 and 𝐼𝑆𝐶  were seen as well as a decrease in efficiency. The decrease 
in 𝑉𝑂𝐶 was attributed to the trapping of charge carriers in the QWs which were then not 
effectively extracted to contribute to the external circuit.  The decrease in 𝐼𝑆𝐶  is partly 
ascribed to carriers being captured by the quantum wells.  It is instructive to note that the 
conditions for transport (viz. band bending, potential distribution or scattering) are modified 
by the QWs.    
 
Defect spectroscopy was then suggested as a method to see whether there were electrically 
active defects present in the material which may be attributing to the degeneration of the 
diode current transport properties.  
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The optical emission (the radiative recombination of bound excitons on defects in the QW) 
was studied through photoluminescence. At room temperature emission from the QWs was 
detected with energies for the p-type, un-doped and n-type being 300 meV, 270 meV and 320 
meV respectively. At low temperature two peaks at 180 meV and 70 meV were present in the 
p-type QWs. The un-doped QWs also presented two peaks at 80 meV and 150 meV while the 
n-type QWs only showed a single emission peak at 220 meV. From this we estimated the 
nitrogen concentration to be between 1.3% and 1.9%.  
 
Both AS and DLTS was then used to reveal deep level centers present in the devices. Each 
technique presented its own list of advantages and disadvantages and the collaborative use 
of both of them was found to be complementary in their determination of deep level defect 
centers.  
 
In both the reference diode and the diode containing un-doped GaNAs quantum wells, only a 
single deep level was found present using both AS and DLTS respectively. These were similar 
in nature and thus attributed to the bulk GaAs material. A comparable defect as seen in the 
AS was reported by Chen et. al [59]. Although not explicitly characterized by Johnston et. al, 
a large negative peak in the DLTS spectra done on p-tpe GaNAs p-i-n samples was seen which 
resemble those seen in our samples. This reaffirms this trap to not be attributed to the 
quantum wells themselves [60]. 
 
AS identified two additional energy levels in the n-type QW and p-type QW samples while 
DLTS revealed three.  These energy levels, not seen present in the reference sample were 
thus attributed to the introduction of the GaNAs quantum wells into the devices.  
 
The correlation of these defects with the QWs is not clear as the structures were not 
optimized for capacitance spectroscopic measurements. Nitrogen incorporation has also 
been known to introduce many localized states in the material [58].  
 
A graphical summary of all the deep levels detected by AS and DLTS is presented in figures 5.1 
and 5.2 below.  
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Figure 5.1. Summary of AS obtained deep level centers. 
 
 
Figure 5.2. Summary of DLTS obtained deep level centers. 
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NextNano++ simulation software was used to model the electronic structure of the sample. 
Particularly helpful towards the interpretation of the observed data, was the calculation of 
the bias dependent cross-over point (between the Fermi level and the defect level) and also 
the depletion width. Moreover, this information is required for the design of optimal 
structures for future defect studies related to QWs in bulk GaAs (or any other host for that 
matter).  
 
5.2 Future Work Suggestions 
Future work suggestions for this project would be the design and growth of structures 
uniquely optimized for capacitance probing of quantum well systems.  
 
A suggestion of such a design would be a GaAs p-i-n, with an intrinsic region of 1µm thick with 
a background p-type doping of 5𝑒15 /𝑐𝑚3, containing a single GaNAs Quantum Well 
embedded at 500 nm into the intrinsic region with a n-type doping of 5𝑒16 /𝑐𝑚3. This will 
allow the population and emission of the quantum wells to be assured and thus allow them 
to be sensitive to capacitance measurements. 
 
The depletion region as simulated will thus be: 
• At zero bias condition, the depletion width is ~610 nm. 
• Depletion width at reverse bias of 1V moves to ~800 nm. 
• Depletion width at forward bias of 1V moves to ~220 nm. 
 
Altering the background doping in the intrinsic region of the device should also be considered. 
By varying the background doping between p-type and n-type, one would be able to vary 
probing with either holes or electrons as majority carriers. Thus capacitance measurements 
will be able to distinguish between electron and hole accumulation in the quantum wells. This 
would also allow majority carriers probed by AS and DLTS to be varied and compared.  
 
Moreover, other III-V material systems may present interesting and comparative results and 
may compete with the GaNAs system as IBSC candidates.  
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In terms of the system under study in this work, a number of material aspects are however 
still requiring attention. For example, carrier capture via defects in the forbidden gap may 
also act as recombination centers. This will significantly shorten the lifetime of created 
electron-hole pairs, which is very detrimental to solar cells. The addition of nitrogen is known 
to introduce many N-induced energy states. With these devices having space application, the 
thermal and radiation effects on these states need to be investigated, thus making an 
interesting opportunity for thermal stability and radiation hardness studies. 
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